Inhibitors of apoptosis proteins (IAPs) suppress cell death by inactivating proapoptotic regulators, and therefore play important roles in controlling apoptosis in normal and malignant cells. Many IAPs are ubiquitin ligases, and their activity is mediated via ubiquitination and subsequent degradation of their targets. Here we corroborate a previous observation that DIAP1 (Drosophila IAP1) can be degraded via a two-step mechanism: (i) limited caspase-mediated cleavage and (ii) degradation of the released fragment via the ubiquitin N-end rule pathway. Yet, we demonstrate that this pathway is not the only one involved in DIAP1 degradation, and the intact protein can be degraded independent of prior caspase cleavage. Importantly, this mode of degradation does not require the RING-finger-mediated autoubiquitinating activity of DIAP1, believed to target many RING-finger E3s for self-destruction. Our preliminary data suggest that DIAP2 mediates DIAP1 degradation, suggesting a novel regulatory loop within the apoptotic pathway. Studying the role of the autoubiquitinating activity of DIAP1, we demonstrate that it does not involve formation of Lys48-based polyubiquitin chains, but probably chains linked via Lys63. Our preliminary data suggest that the autoubiquitination serves to attenuate the ligase activity of DIAP1 towards its exogenous substrates. Recent studies indicate that ubiquitination plays an important role in regulating apoptosis. This is partially mediated by the inhibitors of apoptosis proteins (IAPs), a centrally important group of cell death regulators, many of them are ubiquitin ligases. IAPs suppress cell death by inactivating different proapoptotic factors, some by targeting them for ubiquitination and subsequent proteasomal degradation. At least eight IAPs have been identified in mammals. In Drosophila melanogaster, expression of DIAP1 and DIAP2 1 can suppress apoptosis that occurs both during normal development as well as following overexpression of proapoptotic factors such as Reaper (Rpr).
Recent studies indicate that ubiquitination plays an important role in regulating apoptosis. This is partially mediated by the inhibitors of apoptosis proteins (IAPs), a centrally important group of cell death regulators, many of them are ubiquitin ligases. IAPs suppress cell death by inactivating different proapoptotic factors, some by targeting them for ubiquitination and subsequent proteasomal degradation. At least eight IAPs have been identified in mammals. In Drosophila melanogaster, expression of DIAP1 and DIAP2 1 can suppress apoptosis that occurs both during normal development as well as following overexpression of proapoptotic factors such as Reaper (Rpr). 2 Loss of DIAP1 function results in early embryonic death as a consequence of massive apoptosis. [3] [4] [5] The IAP family is characterized structurally by one-three Nterminal copies of Baculovirus IAP Repeat (BIR) domains. DIAP1 contains two copies of BIR that bind effector and initiator caspases. In some cases, this binding leads to ubiquitination and subsequent degradation of the caspase. 2 IAP-mediated inactivation of caspases is effectively inhibited by a family of proapoptotic proteins that share an IAP-binding tetra-peptide motif at their N-termini. Among those proteins are Smac/Diablo in mammals, and Rpr, Hid and Grim (RHG) in Drosophila. It was shown that RHG proteins abrogate effectively DIAP1-mediated inactivation of Dronc and DrICE. 6 DIAP1 contains also a C-terminal RING-finger motif that serves to recruit the E2 component of the ubiquitin conjugation machinery. For RING-finger E3s, their best-characterized activity is self-ubiquitination thought to regulate their cellular level, but it is assumed that most of these ligases have also exogenous substrates. 7, 8 In Drosophila melanogaster, the E2 UbcD1 is the partner of DIAP1. 9 Like some other RING-finger proteins, DIAP1 catalyzes its own ubiquitination, and this activity is stimulated dramatically by the RHG proteins. [9] [10] [11] [12] [13] [14] The currently known exogenous substrates of DIAP1 include the proapoptotic proteins Rpr and the caspases Dronc and DrICE. 14, 15 It has been shown that ubiquitination of Rpr leads to its degradation, which terminates its antiapoptotic function. 15 Not much is known on DIAP2. It bears similarity to DIAP1 and has three N-terminal BIR domains and a C-terminal RING-finger domain. Overexpression of DIAP2 suppresses Rpr-and Hid-, but not Grim-dependent cell death. 16 However, unlike DIAP1, removal of DIAP2 does not enhance overexpressed Rpr phenotype, 1 that because DIAP1 can efficiently regulate Rpr. Of note is that unlike DIAP1, DIAP2 cannot interact with most Drosophila caspases. 17, 18 Ditzel et al. 19 demonstrated that shortly after initiation of apoptosis in S2 cells, DIAP1 is cleaved after Asp20 by the effector caspase DrICE. They further showed that the resulting long C-terminal fragment is important for the antiapoptotic activity of DIAP1, and because it contains a newly exposed asparagine residue in the N-terminal position, it is recognized and rapidly degraded via the N-end rule pathway of the ubiquitin system. The N-end rule relates the in vivo half-life of a limited group of protein substrates to two groups of exposed residues at the N-terminal position, 'stabilizing' and 'destabilizing'. 20 Asparagine is not a 'destabilizing' residue as such, but becomes so following activity of asparginase that converts it to aspartate, which then undergoes modification by arginine, [21] [22] [23] [24] [25] that is recognized by a specific ubiquitin ligase E3a. Ditzel concludes that DIAP1 can be degraded via two distinct ubiquitin-mediated mechanisms: (i) RING-finger-mediated autoubiquitinating pathway 15 and (ii) caspase-mediated processing followed by rapid degradation of the released fragment via the N-end rule pathway. Yokokura et al. 26 have also shown that apoptosis induces caspase-mediated processing of DIAP1, in the same site. However, in contrast to Ditzel et al, 19 they found that the cleavage of DIAP1 promotes its further degradation via autoubiquitination, that requires the RING-finger domain of the protein. 26 In addition, Yan et al. 27 proposed that Dronc cleaves DIAP1 after Glu 205 , resulting in the generation of two separate functional units: (i) a BIR1-containing fragment that inhibits DrICE by binding to it and (ii) a BIR2-RING fragment that can bind Dronc and ubiquitinate it. 27 According to these findings, since the initiator caspase Dronc is probably activated before the effector caspase DrICE, the N-end rule pathway will be involved, if at all, in the removal of the N-terminal BIR1 domain-containing fragment (and even that after further removal of its first 20 N-terminal residues by DrICE), but not in removing the BIR2-RING fragment. Ryoo et al. 9 showed that Rpr-induced removal of DIAP1 occurs in the presence of p35, a strong caspase inhibitor, suggesting that caspase cleavage is not essential for removal of DIAP1 under those conditions. Deveraux et al. 28 and Clem et al.
29
have shown an involvement of caspase cleavage in the regulation of mammalian IAPs. XIAP, a potent human IAP, is cleaved during Fas (CD95)-induced apoptosis into two fragments: (i) BIR1-BIR2 and (ii) BIR3-RING finger. In this case, it appears that the cleavage, which inactivates XIAP, serves as a mechanism by which the threshold of caspase activity necessary for inducing apoptosis is lowered. The human IAPs, cIAP1 and cIAP2, are less potent inhibitors of apoptosis compared to XIAP. They are cleaved during apoptosis and release their C-terminal RING domain. This cleavage appears to activate a latent antiapoptotic activity, probably via removal of the RING-finger domain that results in abrogation of the autoubiquitinating activity that would result in their subsequent degradation. Taken together, these data demonstrate that the activity of IAPs can be regulated by several distinct and apparently opposing mechanisms. In this study, we demonstrate that DIAP1 degradation proceeds via at least two mechanisms, both mediated by the ubiquitin system: (i) the reported mechanism by which caspase-mediated processed DIAP1 is recognized and degraded via the N-end rule pathway in a reaction that is mediated by E3a, and (ii) full-length DIAP1 is targeted by a process that surprisingly does not require the RING-finger domain and the autoubiquitinating activity of the protein, but rather an exogenous E3, probably DIAP2. Studying the role of the autoubiquitinating activity of DIAP1, we demonstrate that it does not involve internal Lys48 of ubiquitin, but probably Lys63, and the modification appears to attenuate the ligase activity of DIAP1 towards its exogenous substrates.
Results
Caspase-mediated processing of DIAP1 in vitro. DIAP1 is rapidly degraded upon induction of apoptosis. 11, 15 Recent studies have demonstrated that in the fly, DIAP1 degradation is initiated by limited processing mediated by the caspase DrICE. 19, 26 To further study the mechanism(s) involved and the physiological role of the initial limited processing event in the degradation of DIAP1, we established a stepwise, cell free proteolytic assay. Towards that end, we first incubated N-terminally tagged 6 Â Myc [
35 S]methionine-labeled DIAP1 in HeLa extract and demonstrated that the intact protein was cleaved to generate a slightly shorter C-terminal, B45 kDa radioactive product (Figure 1a; lanes 2 and 3) . Since the short, 20 residues N-terminal fragment contains also a 6 Â Myc tag, it enabled us to detect this fragment as well (processed DIAP1(S) in Figure 1a ). As expected, processing was ATP independent (Figure 1a, lane 2), yet we noted that in the presence of ATP, we were able to detect what appear to be ubiquitin adducts of either the full-length and/or the processed DIAP1 (Figure 1a , lane 3, denoted Conj.). This finding raised the possibility that addition of ATP can target also the intact protein to ubiquitin-mediated degradation without prior processing. It should be noted that the cleavage in HeLa extract was spontaneous (Figures 1a, lane 2 and 1b, lane 1), suggesting that some of the cultured cells contain active caspases, or that they were activated during preparation of the extract. In contrast to the HeLa cells, extracts derived from other mammalian cells could catalyze cleavage only following induction of apoptosis in the intact cells (Figure 1b, lanes 3-6) . Analysis of cleaved PARP demonstrated indeed a low spontaneous caspase activity in HeLa cells, in contrast to COS7 and MCF7 cells (not shown).
To further confirm the nature of the enzymatic activity involved in DIAP1 processing, we monitored the reaction in the presence of caspase and proteasome inhibitors. Z-VAD-FMK is a general caspase inhibitor, and Ac-DEVD-CHO is a potent inhibitor of caspase-3. As can be seen in Figure 1ci , both reagents abolished DIAP1 cleavage. In contrast, MG132 and lactacystin, two potent proteasome inhibitors, did not have any effect (not shown). Strengthening the notion that processing of DIAP1 is mediated by caspase is the finding that DIAP1 mutated in the consensus caspase cleavage site 17-DQVD-20-17-DQVA-20 (DIAP1 D20A) is resistant to cleavage (Figure 1cii ).
Processed DIAP1 is degraded via the ubiquitinproteasome system following recognition of the N-terminal residue (N-end rule). Ditzel et al. 19 also demonstrated that the processed C-terminal fragment of DIAP1 is degraded in vivo via the N-end rule pathway, following recognition of its newly exposed destabilizing N-terminal residue (asparagine). To reconstitute in vitro the two-step degradation of DIAP1 -e.g. processing that is followed by complete proteolysis -we first generated processed DIAP1 by incubating 35 S-labeled, full-length DIAP1 in the presence of ATP-depleted HeLa cell extract (see above and Figure 1 ). During the 90 min incubation period, almost all the protein is processed (Figures 1 and 2a , compare lane 1 to lane 2). We then added ATP-containing reticulocyte lysate that is known to degrade faithfully and efficiently many substrates of the ubiquitin system. As can be seen in Figure 2a , addition of the lysate stimulated significantly degradation of processed DIAP1 (compare lane 3 to lane 2). Importantly, degradation of processed DIAP1 requires polyubiquitin chain formation (and therefore also ATP): addition of methylated ubiquitin (MeUb), a polyubiquitin chain terminator, 30 inhibited degradation almost completely, and the addition of excess WT ubiquitin reversed the inhibition (Figure 2a , compare lane 5 to lane 4). Not surprisingly, addition of MG132 inhibited degradation of the processed fragment in the cell free system (not shown). In order to confirm proteasome involvement in the degradation of DIAP1 in vivo, we transfected MCF7 cells with DIAP1 and followed the fate of the processed fragment. As can be seen in Figure 2b , the processed form could not be detected under basal conditions (lane 1), but appeared following induction of apoptosis by staurosporine (lane 2). Staurosporine-mediated processing of DIAP1 could be completely inhibited by the addition of the caspase inhibitor Z-VAD (lane 3). The accumulation of the processed fragment following addition of MG132 (Figure 2b , lane 4) even in the absence of induction of apoptosis suggests that under basal conditions caspase activity is low, but nevertheless exists, and the processed fragment is rapidly degraded and therefore cannot be detected (Figure 2b, lane 1) . Following addition of MG132, it is accumulated, and therefore can be detected. Yet, it is also possible that MG132 induces apoptosis, resulting in the formation of processed DIAP1. However it is clear that MG132 also inhibits the degradation of processed DIAP1, as is evident from the experiments described in Figures 2d and 2e , where MG132 inhibited the degradation of the processed form that was not generated from caspase cleavage, but rather from constitutive processing of cell-expressed ubiquitin-DN20 DIAP1 fusion chimera.
As noted, Ditzel et al. 19 demonstrated that the processed fragment is degraded in cells via the N-end rule pathway. Processed DIAP1 contains in its N-terminal position asparagine, a residue that becomes 'destabilizing' following deamidation (to aspartate) and arginylation (see above). As the arginylation reaction requires tRNA Arg , it can be inhibited by the addition of RNase. 25 Also, the degradation of the already arginylated protein can be specifically inhibited by dipeptides that have a basic residue at their N-terminal position. Dipeptides such as Arg-Ala and Lys-Ala inhibit competitively the degradation of substrates with exposed basic N-termini by binding to the E3a ligase at the substratebinding site that recognizes specifically similar N-termini in the target substrates. The reverse peptides such as Ala-Arg or Ala-Lys are not inhibitory. 31 In order to demonstrate involvement of E3a in targeting processed DIAP1 in vitro, we tested the effect of RNAse and the specific inhibitory dipeptides on its degradation. As can be seen in Figure 2c . Taken together, these data support the notion that processed DIAP1 is degraded by E3a following recognition of the newly exposed N-terminal asparagine, and its two-step -deamidation and arginylation -conversion to arginine.
Bachmair and Varshavsky 32 demonstrated that besides the destabilizing N-terminal residue, there are one or two specific lysine residues at the N-terminal domain that function as a second determinant in the degradation signal, serving as ubiquitin acceptors in the model protein they studied. Ditzel et al. 19 suggested, but have not shown, that lysine residues 10 and 15 in processed DIAP1 (residues 30 and 35 in the full-length protein) may serve as ubiquitin anchors in this protein. We replaced these two residues with arginine (K30,35R DIAP1) and obtained a processed fragment that was still unstable, ruling out a role for these two lysine residues as ubiquitin acceptors (not shown).
Full-length, non-processable DIAP1 is degraded by the ubiquitin system in a mechanism that does not require its RING-finger domain. While Yokokura et al. 26 have recently reported that the cleavage of DIAP1 promotes its degradation in a manner that is dependent on the protein's RING-finger domain, the findings of Ditzel et al. 19 and our own (see above) argue that the processed form is degraded via the N-end rule pathway, using E3a as the modifying ligase. However, the problems of the stability of intact DIAP1 and whether caspase-mediated processing is essential for degradation of the protein have remained unsolved. To solve these questions, we monitored in Drosophila S2 cells the 5) or Ala-Arg (lane 6) to the growth medium 6 h prior to harvesting the cells. The processed protein was detected using anti-FLAG antibody as described under 'Materials and Methods'. Bestatin was added to the medium at a final concentration of 2.5 mg/ml. (e) Degradation of processed DIAP1 in cells is dependent on the presence of a destabilizing N-terminal residue. S2 cells were transiently transfected with cDNAs coding for ubiquitin-DN20 DIAP1 (lanes 1,2), or ubiquitin-DN20 N21V DIAP1 (lanes 3,4). MG132 was added as indicated, and the fate of the ubiquitin hydrolase-processed DIAP1 was followed via Western blot analysis as described under 'Materials and Methods' half-life of endogenous DIAP1 in the presence and absence of the caspase inhibitor Z-VAD. As can be seen in Figure 3a (lanes 1-4), intact DIAP1 is degraded rapidly (t 1/2 of B40 min), and its stability is independent on caspase activity (lanes [5] [6] [7] [8] , suggesting that the enzyme can be degraded via an additional, caspase and N-end ruleindependent pathway. As the paradigm in the ubiquitin system research area is that RING finger domain ligases are involved in their own destruction via autoubiquitination, it was logical to assume that this is also the case with DIAP1. To test this hypothesis, it was important to inactivate DIAP1 autoubiquitinating activity. Accordingly, we mutated a critical Ile residue in the RING finger domain of the protein (DIAP1 I393A) that was reported to inactivate the autoubiquitinating activity of other ligases without affecting their RING finger structure. 33 As can be seen in Figure 3b , the mutation abolished the self-conjugating activity of the enzyme even in the presence of Reaper, the strong proapoptotic protein. Surprisingly, similar to the WT protein, I393A DIAP1 was also unstable in cells (Figure 3ci , compare lanes 4-6 to lanes 1-3). To ascertain that the instability is not due to prior caspase-mediated limited cleavage, we monitored the stability of the nonprocessable D20A DIAP1 and found that it is similarly unstable (lanes 7-9). Needless to say that the double mutant I393A,D20A was also unstable (lanes 10-12), and its degradation was proteasome-dependent ( Figure 3cii) . Assuming that other, yet to be discovered cleavages can also lead to subsequent degradation of the cleaved product (see for example, Muro et al. 34 ), it was important to test whether the RING finger domain can be involved in the degradation of Figure 3 Processing of DIAP1 is not essential for its degradation and does not require its RING finger domain. (a) DIAP1 is rapidly degraded in the presence or absence of caspase inhibitor. S2 cells were incubated in the absence or presence of Z-VAD, and the stability of endogenous DIAP1 was monitored following the addition of cycloheximide for the indicated times as described under 'Materials and Methods'. (b) DIAP1 requires its RING domain for autoubiquitination in vitro. [
35 S]methionine-labeled WT (lanes 1-3) and I393A DIAP1 (lanes 4-6) were subjected to in vitro self ubiquitination as described under 'Materials and Methods'. (c) (i) DIAP1 proteins mutated in the RING-finger domain and the caspase cleavage site are unstable. cDNAs coding for WT, I393A,D20A, and I393A,D20A DIAP1s were transfected into S2 cells, and the stability of the proteins was monitored following the addition of cycloheximide as described under 'Materials and Methods'. (ii) DIAP1 mutated in both the RING-finger domain and the caspase cleavage site is degraded in a proteasome-dependent manner. cDNAs coding for WT and I393A,D20A DIAP1 were transfected into S2 cells, and the fate of the proteins was followed in the absence or presence of MG132 as indicated and described under 'Materials and Methods'. (d) RING-finger domain-mutated DIAP1 is degraded in the absence of caspase activity. cDNA coding for I393A DIAP1 was transfected into S2 cells, and the stability of the expressed protein was measured following the addition of cycloheximide in the presence of Z-VAD as described under 'Materials and Methods'. (e) (i) Degradation of I393A,D20A DIAP1 is stimulated following induction of apoptosis. cDNA coding for I393A,D20A DIAP1 was transfected into S2 cells. Etoposide was added for 8 h, and the stability of the proteins was monitored following the addition of cycloheximide as described under 'Materials and Methods'. (ii) Quantification of the results shown in (i); K, without etoposide, ', with etoposide an intact protein that cannot be cleaved by any caspase. As can be seen in Figure 3d , Z-VAD does not have an effect on the degradation of I393A DIAP1, suggesting that the intact protein is degraded without any prior cleavage in a mechanism that does not require its RING finger domain and autoubiquitination. Degradation of the protein must therefore be mediated by an exogenous E3 that is distinct from E3a (see below).
All these experiments were carried out under basal conditions. At that point, it was important to study the effect of apoptosis on the degradation of the RING finger and caspase site double mutant DIAP1. That in order to test whether under apoptotic conditions intact DIAP1 can be rapidly degraded, thus removing antiapoptotic activity and enabling the programmed cell death machinery to proceed efficiently. As can be seen in Figure 3e , addition of etoposide resulted in an B2-3-fold acceleration in the degradation of the RING finger and caspase site double mutant DIAP1. This finding suggests that induction of apoptosis stimulates degradation of DIAP1 via a novel, ubiquitin-and proteasomemediated mechanism that does not require prior processing or self destruction of the enzyme, and is probably independent of the N-end rule pathway.
DIAP1 generates self Lys63-based polyubiquitin chains that appear to regulate its activity rather then targeting it for degradation. As autoubiquitination of DIAP1 does not lead to its degradation, we suspected that the polyubiquitin chains formed are not of the 'canonical' Lys48-based type. It was therefore important to determine the identity of the lysine residue(s) of ubiquitin involved in their formation. Towards that end, we used ubiquitin mutants in which all but one (indicated by number) lysine residue were substituted with arginine (K6, K11, K27, K29, K33, K48, and K63 ubiquitins). As can be seen in Figure 4a , ubiquitin K63 was the most efficient species in catalyzing polyubiquitination, although it was less efficient than the WT molecule (compare lane 7 to lane 1). Importantly, K48 was not able to generate high molecular mass adducts, although it was somewhat more efficient than lysine-less ubiquitin (K0; compare lane 6 to lane 8). DIAP1 could use also K11 ubiquitin, but not as efficiently as K63 (compare lane 3 to lanes 7 and 8). These data suggest that UbcD1 can catalyze formation of Lys63-based polyubiquitin chains on DIAP1. Ubc13 is the E2 that was shown, as part of a complex with another partner, Uev1a, to be involved in many cases of assembly of such chains. 35, 36 However, several cases were described recently in which 'canonical' E2s were also shown to be involved in generation of such chains. 37, 38 While a Ubc13 homolog was described also in the fly, 39 it appears from our in vitro data that a 'canonical' E2 such as UbcD1 can also be involved in the process. We nevertheless decided to examine the role of Ubc13/Uev1a in DIAP1 autoubiquitination in vitro. As can be seen in Figure 4b , the Ubc13/Uev1a complex can catalyze polyubiquitin chain formation on DIAP1 using K63 ubiquitin (lane 4), although at a lower efficiency compared to the chains generated with WT (lane 1) or K48R (lane 5) ubiquitins (that harbor intact Lys63 residue). The low efficiency can be due to the fact that additional lysines are required to generate a mixed, although K63-containing chain. Also, it is possible that the multiply mutated K63 ubiquitin in which six lysine residues were altered is folded in such a conformation that is less efficiently recognized by the Ubc13/ Uev1a conjugating complex and by DIAPI.
Self-ubiquitination of DIAP1 is probably involved in regulating the enzyme's activity. From the instability of the RING finger mutant DIAP1 and the nature of its selfgenerated polyubiquitin chains, we hypothesized that they probably serve a nonproteolytic function, such as regulating the enzyme's activity. Thus, we devised a two-step ubiquitination reaction in which we tested DIAP1 activity towards its substrate Dronc before and after selfubiquitination: (i) first, we generated ubiquitinated DIAP1 by incubating the purified enzyme in the presence or absence of ubiquitin (Figure 5a ). (ii) Next, we added to each reaction mixture 35 S-labeled Dronc and WT ubiquitin, and followed Dronc ubiquitination. As can be seen in Figure 5b , if Dronc was added simultaneously with all reaction components, it was ubiquitinated much more efficiently compared to when added following DIAP1 ubiquitination (Figure 5b , compare lane 2 to lane 3). This experiment suggests that the polyubiquitin chain can serve to attenuate the ligase activity of DIAP1 towards its substrate. Further corroborating this notion is the experiment described in Figures 5c and 5d . Here we used lysine-less (K0) ubiquitin that cannot polymerize. As expected, utilization of this ubiquitin resulted in significantly lower molecular mass adducts of DIAP1 compared to those generated when WT ubiquitin was used (Figure 5c , compare lane 3 to lane 2; see also Figure 4a , lane 8), reflecting probably single ubiquitination on multiple distinct lysine residues. Yet, despite modifying lysine residues only once, the majority of adducts of Dronc (Figure 5d , compare the free Dronc in lanes 3 and 2, respectively). We hypothesize that the polymerized ubiquitin chains attenuate DIAP1 activity, possibly by steric hindrance, which the single modifications do not.
DIAP2 binds DIAP1, ubiquitinates it and regulates its stability. Silke et al. 40 showed that mammalian cIAP1 binds directly to XIAP, leading to its ubiquitination and subsequent proteasomal degradation. As our data suggest that DIAP1 autoubiquitination is not involved in its targeting, we tested the possibility that a similar mechanism operates also in Drosophila, in which DIAP2 regulates DIAP1. As can be seen in Figure 6a , DIAP2 binds to DIAP1 (lanes 2 and 3) , and the binding is specific: GST and GST-Max, unlike GST-DIAP1, do not bind DIAP2 (lanes 4-6) . Furthermore, our data demonstrate that DIAP2 ubiquitinates RING finger mutant DIAP1 in a cell free conjugation assay (Figure 6bi, lanes 3  and 4) . The utilization of the self ubiquitination-defective DIAP1 enabled us to detect only the exogenous DIAP2 activity without the background self activity.
To examine whether DIAP2 is involved in DIAP1 degradation, we first tested the structure of the polyubiquitin chains formed in the cell free ubiquitination assay. We used two ubiquitin mutants that harbor K48 (K48 and K63R), and two that do not have this lysine residue (K48R and K63; the K mutants have only the indicated lysine residue left, while the K4R mutants have the indicated lysine substituted with R). As can be seen in Figure 6bii , DIAP2 could catalyze generation of high molecular mass polyubiquitin chains on DIAP1 only when ubiquitins K48 and K63R were present. These findings support the notion that the chains synthesized are Lys48-based, leading most probably to the degradation of DIAP1. Additional experiments carried out using S2 cells further support the notion that DIAP2 is involved in DIAP1 degradation following its ubiquitination: (i) silencing of DIAP2 expression results in accumulation of DIAP1 ( Figure  6ci; compare lanes 1 and 2 to lanes 3-6) . (ii) DIAP1 was significantly more stable in the presence of DIAP2 RNAi than in the presence of GFP RNAi (Figure 6cii ). (iii) Expression of RING finger mutant, dominant negative species of DIAP2 (V453A), resulted in significant stabilization of DIAP1 (Figure 6ciii ).
Discussion
It was reported 19 that caspase-catalyzed processing of DIAP1 and subsequent N-end rule-mediated degradation of the Cterminally released fragment are essential for the destruction of the enzyme. Ubiquitination of N-end rule substrates is mediated by E3a that binds to its target substrates via their destabilizing N-terminal residues. DIAP1 is a RING finger domain-containing ubiquitin ligase that catalyzes its own ubiquitination, a reaction believed to target RING finger E3s for degradation. Thus, at first glance it appears that DIAP1 can be degraded via two distinct ubiquitination pathways: (i) initial caspase-dependent processing and N-end rule/E3a-mediated degradation of the processed fragment, and (ii) RING finger-mediated autoubiquitination of the full-length protein or of the processed fragment. We set to study the role of these pathways in governing DIAP1 stability.
Initially, we reconstituted a cell free system that faithfully reproduces the degradation of DIAP1 and demonstrated that, as reported, it can proceed in two steps: (i) processing of the intact protein, and (ii) degradation of the released fragment (Figures 1 and 2) . We also showed that in both the cell free system and cells, the processed fragment is degraded by the ubiquitin system via the N-end rule pathway (Figure 2) .
At that point it was important to study whether the initial processing is essential for degradation of the enzyme, or whether the intact enzyme can also be degraded. As can be seen in Figure 3a , inhibition of caspase activity by Z-VAD had no effect on the stability of DIAP1.
As N-end rule-mediated ubiquitination of the processed fragment is catalyzed by an exogenous ligase, E3a, we wanted to study whether the RING finger-mediated autoubiquitinating activity of DIAP1 is also involved in governing its stability. It should be noted that following processing, the RING finger in the processed fragment remains intact. Surprisingly, a mutation in the RING finger domain that inactivates the autoubiquitinating activity had no effect on the 35 S]methionine-labeled Dronc were subjected to in vitro ubiquitination with WT or K0 ubiquitin as indicated and described under 'Materials and Methods'. Lanes 1 in all panels represent the amount of the substrate protein added to the reaction mixture (no incubation). Conj. denotes conjugates degradation of the intact protein (Figure 3c and see text) and the processed fragment (not shown). While one can argue that the RING finger mutant can still undergo processing prior to N-end rule-mediated degradation of the cleaved fragment, we have shown that the RING-finger domain was not necessary even for the degradation of a caspase site mutant DIAP1 that cannot be processed (Figures 3c and 3d) . Taken together, these findings imply that the intact protein is targeted by an exogenous, yet to be identified ubiquitin ligase. It was previously shown that expression of Rpr, which leads to disappearance of WT DIAP1 in Drosophila embryos, does not result in disappearance of RING finger mutant DIAP1. These findings raised the hypothesis that Rpr-stimulated and RING finger-mediated autoubiquitination targets the protein for accelerated degradation. 9 It is possible that Rpr-induced autoubiquitination generates different polyubiquitin chains compared to those formed by the ligase in the absence of Rpr.
These chains should be of the Lys48-based type, recognized by the 26S proteasome, while the chains generated by DIAP1 in the absence of Rpr probably use different lysine residues in the ubiquitin moieties (see above and below), and possibly also different lysine residues within DIAP1 itself. Alternatively, in the DIAP1 mutant used in the embryos, 9 the structure of the RING had been perturbed, and consequently the exogenous E3 that targets the protein cannot bind to it anymore, resulting in its stabilization. Identification of the E3 of DIAP1 and characterization of its binding characteristics should resolve this enigma (see above and below).
In light of the finding that the autoubiquitinating activity of DIAP1 is not required for its targeting, it was important to analyze the structure of the polyubiquitin chain(s) generated by the enzyme. Surprisingly, our findings (Figure 4 ) suggest that the 'canonical' Lys48-based chain that targets substrates for proteasomal degradation is not involved in the ]methionine-labeled I393A DIAP1 was subjected to in vitro ubiquitination in the presence of UbcD1 and purified DIAP2 as described under 'Materials and Methods'. WT and the different ubiquitin lysine mutants were added as indicated. K indicates the position of the single lysine residue remained in the ubiquitin molecule, while KnR indicates the position of the lysine residue substituted with arginine. Conj. denotes conjugates. (c) DIAP2 regulates DIAP1 level in cells. DIAP2 RNAi was prepared as described under 'Materials and Methods' and was added to S2 cells for 60 h. Levels (ci) and stability of endogenous DIAP1 (cii) were monitored as described under 'Materials and Methods'. (ciii) cDNA coding for WT or V453A RING mutant dominant negative DIAP2 were transfected into S2 cells, and the stability of the RING finger and caspase site mutant transfected. DIAP1 was monitored following the addition of cycloheximide as described under 'Materials and Methods' autoubiquitinating activity of DIAP1. Rather, it appears that the self chains generated are mostly of the Lys63-based type. An interesting question relates to the nonproteolytic function of the autoubiquitinating activity of DIAP1. One possibility is that it activates the enzyme, similar to the activation of the IKK kinase complex 41 by Lys63-based polyubiquitin chains. Alternatively, it can attenuate the enzyme's activity. Our initial findings suggest that the self ubiquitination attenuates the activity of the enzyme towards one of its native cellular substrate, the initiator caspase Dronc ( Figure 5 ). We have shown that prior autoubiquitination of DIAP1 inhibits the activity of the enzyme and results in generation of significantly lower molecular mass adducts on Dronc compared to those generated when free, initially unconjugated DIAP1 was added to the reaction mixture (Figure 5b) . Furthermore, when lysineless, K0 ubiquitin was used, DIAP1 was more active compared to when WT ubiquitin was used (Figures 5c and  5d ). We suggest that the multiple modifications of DIAP1 by single ubiquitin moieties do not inhibit the enzyme as the polymerized ubiquitin chains do.
For XIAP1, it has been shown the cIAP1 targets it for degradation. 40 As we demonstrated that the self ubiquitinating activity of DIAP1 does not target it for degradation, we tested the hypothesis that DIAP2 is involved in the process. Four lines of experimental evidence presented in Figure 6 support this notion: (i) DIAP2 binds to DIAP1 specifically and (ii) catalyzes its ubiquitination, generating Lys48-based polyubiquitin chains that are known to target substrates for proteasomal degradation. Also, (iii) silencing of DIAP2 or (iv) expressing a dominant negative species of the enzyme in cells stabilize DIAP1. Such an internal regulatory loop, where one IAP regulates the other, can ensure fine tuning of the activity of these group of proteins following different stimuli and under varying pathophysiological conditions, although the mechanistic details of this regulatory loop are still elusive. Also, this novel mechanism further strengthens the notion that autoubiquitination does not necessarily, as has been thought thus far, leads to self destruction of the involved ligases that are targeted by an exogenous ligase. It should be noted that a role has been suggested for Morgue in promoting the degradation of DIAP1, although it has not been shown that it serves as its ligase. 42, 43 Also, a recent study demonstrates that phosphorylation of DIAP1 by the Drosophila IKK-related kinase leads to its destruction under nonapoptotic conditions. 44 Thus, it appears that multiple pathways and mechanisms regulate the IAP group of proteins that are positioned in a critical cross roads along the developmental and apoptotic pathways.
Materials and Methods Materials. Materials for SDS-PAGE, Bradford protein determination reagent, and prestained molecular weight markers were from Bio-Rad. A mixture of 35 Slabeled methionine and cysteine for metabolic labeling, and [
35 S]methionine for in vitro translation were obtained from GE Healthcare. For site-directed mutagenesis, we used the QuickChanget kit from Stratagene. dsRNA for RNA silencing was prepared using the MEGAscript RNA kit (Ambion). Tissue culture sera and media were from Biological Industries (Bet Haemek, Israel), or from Sigma. Anti-DIAP1 was raised in rabbits as described previously. 9 Mouse anti-Myc tag antibody (9E10) was from Santa Cruz, mouse anti-FLAG was from Sigma, and peroxidaseconjugated goat anti-rabbit or donkey anti-mouse antibodies were from Jackson ImmunoResearch Laboratories. Anti-Poly (ADP-Ribose) Polymerase (PARP) was 0 -(g-thio)triphosphate (ATPgS), hexokinase and Fugene6t transfection reagent were from Roche Molecular Biochemicals. Ubiquitin aldehyde (UbAl) and methylated ubiquitin (MeUb) were from BIOMOL Research Laboratories. Ubc13/Uev1a complex was from Boston Biochemicals. Reagents for enhanced chemiluminescence (ECL) were from Pierce. TNTt Quick coupled transcription-translation kit for in vitro protein synthesis was from Promega. Restriction and modifying enzymes were from New England Biolabs. Oligonucleotides were synthesized by Sigma. All other reagents were of high analytical grade.
Vectors and protein expression. cDNA coding for DIAP1 was subcloned into the MT-pCS2 þ vector in frame with N-terminal 6 Â Myc tag and downstream to CMV and SP6 promoters (MT-DIAP1). N-terminal 6 Â His-tagged DIAP1 (His-DIAP1) subcloned into the pET14b vector (Novagen) was expressed in Escherichia coli and translated in vitro in the presence of [ 35 S]methionine. D20A,I393A and D20A,I393A DIAP1 mutants were generated via site-directed mutagenesis using the His-DIAP1-coding plasmid. For transient transfection in MCF7 cells, DIAP1 and its various mutants were subcloned into the pCMV5 mammalian expression vector (Sigma). To express the N-terminally processed species of DIAP1 (DN20 DIAP1, DN20 I393A, and DN20 N21V), the corresponding cDNAs were subcloned downstream to the ORF of ubiquitin, using the pCDNA3 vector. For expression in Drosophila S2 cells, DIAP1 and its various mutants and fusion derivatives were subcloned into the pMT vector (Invitrogen) that contains a CuSO 4 inducible promoter. In all cases when DIAP1 was expressed in eukaryotic cells, cDNA that encodes C-terminal FLAG-tagged DIAP1 was used (FL DIAP1).
DIAP2 cDNA cloned into pOT2 vector was the generous gift Dr Carl Thummel (Department of Human Genetics and Howard Hughes Medical Institute, University of Utah School of Medicine, Salt Lake City, Utah, USA). For generation of GST-DIAP2, the cDNA was cloned into the pGEX-4T vector (GE Healthcare) and was expressed in BL21 (pLysS) E. coli. Following induction, the protein was affinity purified on glutathione-agarose according to the manufacturer's instructions. C466Y and V453A DIAP2 were generated via site-directed mutagenesis using the GST-DIAP2-coding plasmid. For expression in Drosophila S2 cells, DIAP2 and its mutants were subcloned into the pMT vector (Invitrogen) containing a CuSO 4 inducible promoter. cDNA coding for Dronc was cloned in pET14b.
For expression and purification of His-UbcD1, the coding cDNA (cloned in pET14b) was expressed in BL21 (pLysS) E. coli and purified on immobilized Ni according to the manufacturer's instructions. For purification of GST-Rpr, the corresponding cDNA cloned in pET3a was expressed in BL21 (pLysS) and purified on glutathione-agarose according to the manufacturer's instructions. Plasmids for bacterial expression of various ubiquitin species in which specific lysine residues were substituted with arginine (cloned in pET14b) were obtained from Dr Richard Baer, Colombia University, NY.
Preparation of cell extracts. HeLa cell extract was prepared by hypotonic lysis as described previously. 45 Reticulocyte-rich blood was induced in rabbits by successive injections of phenylhydrazine, and reticulocyte lysate was prepared as described. 46 Generation of radiolabeled proteins. In vitro processing of DIAP1. In vitro-translated and [
35 S]methionine-labeled DIAP1 was incubated in a reaction mixture containing in a total volume of 12.5 ml: 40 mM Tris-HCl pH 7.6, 5 mM MgCl 2 , 1 mM DTT, 0.05 mg hexokinase, 1 mM deoxyglucose and crude cell extract (50 mg) as indicated. Staurosporine (1.5 mM) was added to the cells (for 4 h) prior to their disruption as indicated. Following incubation at 371C for 90 min, reaction mixtures were resolved via sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; 10%). Gels were dried, and proteins visualized by PhosphorImager (Amersham Pharmacia Biosciences).
In vitro degradation of processed DIAP1. Following 90 min incubation for complete caspase-mediated processing of DIAP1 in the absence of ATP (see above), reaction mixtures were further incubated for additional 2 h. The new mixture contained in a total volume of 20 ml: ATP (2 mM), ATP-regenerating system (20 mM phosphocreatine and 20 mg phosphocreatine kinase) and reticulocyte lysate (2.5 ml). After boiling, reaction mixtures were resolved via SDS-PAGE, and the gels were dried and exposed to a PhosphorImager screen.
In vitro ubiquitination. Assays for monitoring in vitro ubiquitination were carried out in reaction mixtures containing in a total volume of 12.5 ml: 40 mM TrisHCl pH 7.6, 5 mM MgCl 2 , 1 mM DTT, 5 mg ubiquitin, 100 ng UbAl, 2 mM ATPgS and 250 ng E1. 45 The reaction mixtures contained also, as indicated, [
35 S]methioninelabeled WT or mutant DIAP1 (B40 000 cpm), and 0.5 mg His-UbcD1 or 1 mg of Ubc13/Uev1a complex. For conjugation of DIAP1 by DIAP2, bacterially purified GST-DIAP2 was added. Reactions were incubated for 50 min at 371C and resolved via SDS-PAGE (10%). Gels were dried and proteins visualized via PhosphorImaging. When ubiquitin K4R mutants were used, and in order to avoid interference of WT ubiquitin present in the translation mixture of the [ 35 S]methionine-labeled Myc-tagged DIAP1, the labeled substrate was immunoprecipitated using anti-Myc tag antibody (9E10) immobilized to Protein G. The ubiquitination reaction mixture components were added to the immobilized DIAP1.
Cell transfections and RNA silencing. MCF7 cells (lacking caspase 3) were grown at 371C in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum, insulin (10 mg/ml) and penicillin-streptomycin. Drosophila S2 cells were grown at 241C in Schneider medium (Gibco) supplemented with 10% fetal calf serum (HyClone) and penicillin-streptomycin. MCF7 cells were transfected using the jetPEIt reagent (Polyplus Transfection), and S2 cells were transfected using Cellfectint (Invitrogen) according to the manufacturers' instructions. The RNAi probe ID HFA07444 (GenomeRNAi Drosophila Resources) was used to silence DIAP2 expression. Following PCR, the DNA product was transcribed using the MEGAscript RNAi kit (Ambion). The RNAi (30 mg) was added to cells (2 Â 10 6 ) that were lysed after 48-72 h in a buffer containing 20 mM HEPES pH 7.4, 1 mM EDTA, 150 mM NaCl, 1% Nonidet P-40, 10% glycerol, and protease inhibitors. Protein concentration was determined according to the Bradford method using bovine serum albumin as a standard, and equal amounts of protein were resolved via SDS-PAGE (10%). The gel was blotted onto nitrocellulose membrane, and proteins were detected by ECL after incubation with anti-DIAP1, followed by a secondary antibody.
Processing of DIAP1 in MCF7 cells. MCF7 cells were transfected with 1 mg of cDNA coding for FL DIAP1 as described above. Following 30 h, the cells were treated for 4 h with staurosporine (1.5 mM), Z-VAD (50 mM) and MG132 (20 mM) as indicated, and lysed in a buffer as described above. Equal amounts of protein were resolved via SDS-PAGE (10%), and the gel was blotted onto nitrocellulose membrane. Proteins were detected by ECL using anti-FLAG, followed by incubation in the presence of the appropriate secondary antibody.
Stability of DIAP1 in S2 cells. Stability (t 1/2 ) of DIAP1 and its various mutants was monitored in S2 cells following inhibition of protein synthesis by cycloheximide. To express and induce DIAP1, cells were transfected with cDNAs coding for the different species of the enzyme, and after 36 h were exposed for additional 16 h to induction medium containing 500 mm CuSO 4 . Etoposide (0.1 mM) was added as indicated along with CuSO 4 . The proteasome inhibitor MG132 (20 mm) and the caspase inhibitor Z-VAD (50 mM) were added, as indicated, for the last 4 h of DIAP1 induction. Following induction, cycloheximide (100 mg/ml) was added, and samples were removed and processed at the indicated times. The cells were lysed in a buffer as described above, and equal amounts of protein were resolved via SDS-PAGE (10%). The gel was blotted onto nitrocellulose membrane, and proteins were detected by ECL using anti-DIAP1 or anti-FLAG antibodies as indicated, followed by incubation in the presence of the appropriate secondary antibody.
DIAP1-DIAP2 binding in vitro.
[ 35 S]methionine-labeled DIAP2 was incubated with GST-DIAP1 in a 15 ml reaction mixture that contained: 40 mM Tris-HCl pH 7.2, 2 mM DTT, 0.2 mg/ml ovalbumin, 150 mM NaCl and 0.02% NP40. Following incubation at 251C for 30 min, glutathione-agarose beads were added for additional 2 h. The beads were washed four times with the incubation buffer, and the bound proteins were resolved via SDS-PAGE (12%). Gels were dried and proteins visualized via PhosphorImaging.
